The economy and efficiency of the analytical procedure for the separation and determination of precious metals, such as rhodium and iridium in geological samples and related materials, are still a challenge to the analyst. Because of their low concentration levels in natural sources, a necessary first step in any analytical procedure needs to be the preconcentration of these elements. The most common and well-documented concentration-cum-separation technique is liquid-liquid extraction. However, this technique is tedious, time consuming (extraction involves several steps and equilibrium distribution between the two phases takes longer time in certain cases) and often requires a large volume of high purity toxic solvents. Column methods using various adsorbents are effective for the preconcentration of metal ions. But their main disadvantages are the lengthy method to prepare the column materials and other stringent conditions. The sorption and desorption of metal ions are carried out at low flow rates, which make these methods time consuming.
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1,2 To overcome these drawbacks, Satake and co-workers 3, 4 developed a method called "Solid-liquid separation after the adsorption of metal-chelates onto microcrystalline naphthalene". This method is very simple, economic and less time-consuming.
Only a few photometric reagents have been used for the trace determination of rhodium and iridium in solutions. The similarities in chemical properties of rhodium and iridium make it difficult to eliminate the interference between them in zero-order (normal) spectrophotometry. Tertipis and Beamish 5 separated and determined rhodium and iridium using tin(II) bromide. Stokely and Jocobs 6 proposed a simultaneous zeroorder spectrophotometric determination using 1-(2-pyridylazo)-2-naphthol. Zhenya 7 reported a simultaneous dual-wavelength spectrophotometric determination using tin(II) bromide and 2-mercaptobenzothiazole. Shkil 8 separated rhodium from iridium in acid medium using 2-mercaptobenzothiazole. Wilson and Jacobs 9 separated relatively a large amount of iridium from rhodium by extracting iridium into tributyl phosphate. All of these methods utilized time-consuming solvent extraction for separation. Moreover, they are not sufficiently sensitive and selective. Derivative spectrophotometry has the advantage of higher selectivity than zero-order spectrophotometry. This increased selectivity results because bands that are overlapped in zeroorder absorption spectra can be separated in the derivative mode. Theoretical and practical studies done by O'Haver and Green 10, 11 and Fell and co-workers 12, 13 showed that this technique can lead to a faster and more accurate determination of multi-component mixtures that previously would have required time-consuming separation techniques.
In the present communication, we describe a simple, sensitive and economical method for the simultaneous derivative spectrophotometric determination of rhodium and iridium after preconcentration of their 5-Br-PADAP (2-(5-bromo-2-pyridylazo)-5-diethylaminophenol) chelates onto microcrystalline naphthalene. The reagent 5-Br-PADAP was chosen for the present study because it forms highly colored and stable chelates with both metals. [14] [15] [16] This reagent forms water-soluble rhodium and iridium complex cations. In the presence of tetraphenylborate (TPB -) anion, rhodium and iridium form stable, bulky and water-insoluble ion-associated complexes. These complexes are hardly extracted into any non-aqueous organic solvents, but are readily adsorbed onto microcrystalline naphthalene. Various parameters were studied, and the optimized conditions were utilized for the simultaneous determination of rhodium and iridium in various synthetic mixtures.
Experimental

Apparatus
A Hitachi (Model 330 UV/VIS) spectrophotometer with 1-cm path length matched quartz cells was used for normal and derivative measurements. An Elico pH meter with a glass-calomel electrode combination was used for pH measurements. A funnel tipped (i.d. 6-mm, length 10-cm) glass column was used as a preconcentration column. It was plugged with polypropylene fibers.
Reagents
All chemicals used were of AnalaR grade. A stock solution of iridium was prepared by dissolving 1.55 g of iridium chloride in 100 ml of 6 M HCl, and then standardized by known methods. 17 An AAS standard 1000 ppm rhodium solution (Wako Pure Chemical Industries, Osaka, Japan) was used as such. The working solutions (1 ppm) of rhodium and iridium were prepared by suitable dilution. A 0.02% (w/v) solution of 5-Br-PADAP (Dojindo, Japan) was prepared in methanol. A 20% (w/v) solution of naphthalene was prepared in acetone; 0.5 M acetic acid/sodium acetate solutions were used to prepare buffer solution. Doubly distilled water was used throughout the work.
General procedure
A 25 ml of sample solution containing 0.15 -12.5 of rhodium and/or 0.25 -10.0 µg of iridium was taken in an Erlenmeyer flask. A 2 ml each of buffer solution (pH 5.2) and the reagent 5-Br-PADAP (0.02%) were added and the solution was heated on a water-bath for 60 min. After cooling to room temperature, 2 ml of a 0.01% sodium tetraphenylborate solution was transferred into the flask and the solution was swirled for few seconds. Then, a 2 ml of 20% naphthalene-acetone solution was added slowly with continuous shaking for 2 min. The complex, along with the microcrystalline naphthalene, was filtered over a sintered glass filter placed over a Buchner funnel. The solid mass was dried under suction and dissolved in 5 ml of DMF.
The first-and second-derivative spectra were recorded against the reagent blank. The rhodium content was determined from the height (h 1 ) of the first-derivative signal at the zero-crossing point for iridium (617.0 nm) and the comparison of the value with the corresponding calibration graph. Measuring height (h 2 ) of the secondderivative signal at the zero-crossing point (ZCP) for rhodium (618.0 nm) and comparing the value with an appropriate calibration graph determined the iridium content (the wavelength of ZCPs quoted are those which we obtained, but they should be established independently for other instruments or conditions as part of the calibration procedure).
Results and Discussion
Optimization of the experimental conditions
The individual adsorption characteristics of rhodium and iridium-5-Br-PADAP-TPB complexes onto microcrystalline naphthalene were studied in order to evaluate the best possible conditions for the simultaneous determination of iridium and rhodium in a mixture. Then 5 µg each of rhodium and iridium were taken into two separate flasks, and their aqueous volume was adjusted to 25 ml. The absorbance was measured at 606 nm for rhodium and 618 nm for iridium in normal spectrophotometry after a preconcentration step.
Effect of pH
The absorbance was found to be maximum in the pH range 5.0 -6.5 and 3.5 -5.5 for rhodium and iridium, respectively (Fig. 1) . Therefore, a pH of 5.2 was chosen for a simultaneous determination. The volume of 576 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 Fig. 1 Effect of the pH on the adsorption of Rh and Ir. Rh ( ), 5 µg (absorbance measured at 606 nm); Ir ( ), 5 µg (618 nm); 0.02% 5-Br-PADAP, 2 ml; 0.01% NaTPB, 2 ml; 20% naphthalene solution, 2 ml; heating time, 60 ml. 0.5 M acetate buffer of pH 5.2 was varied. There was no change in the absorbance between 0.5 and 5.0 ml. Hence, 2.0 ml of the buffer was recommended.
Heating time
Iridium and rhodium-5-Br-PADAP-TPB solutions were placed on a boiling water bath, and the general procedure was followed at increasing time intervals. The absorption of iridium was started in 5 min and reached a maximum after 20 min. Rhodium reacted slowly and reached the maximum absorbance after 50 min (Fig. 2) . Therefore, a 60 min heating time was chosen for the simultaneous determination. However, a heating time of 20 min is sufficient for the determination of iridium.
Concentration of the reagent
The volume of 0.02% 5-Br-PADAP was varied. Iridium and rhodium were adsorbed quantitatively onto microcrystalline naphthalene in the range 0.3 -5.0 ml and 0.5 -4.0 ml, respectively. Hence, 2.0 ml of the reagent was selected for subsequent studies.
Effect of TPB
In the absence of TPB -, the adsorption of complexes onto microcrystalline naphthalene was incomplete. However, in presence of TPB -, the water-soluble rhodium and iridium complexes formed an ion-associated ternary water insoluble rhodium and iridium 5-Br-PADAP-TPB complexes which adsorbed onto the microcrystalline naphthalene quantitatively, when the amount of a 0.01% solution of NaTPB was between 0.2 ml and 5.0 ml. Therefore, 2.0 ml of TPB was recommended.
Amount of naphthalene and shaking time
Various amounts of naphthalene (20%) solution were added to the iridium and rhodium sample solutions while keeping the other variables constant. It was observed that the maximum adsorption occurred with the addition of 1.0 -4.0 ml of anaphthalene solution. Hence, 2.0 ml was preferred. The effect of the shaking time on the adsorption indicated that the absorbance remained constant over the range of 1.0 -20.0 min. Therefore, 2 min shaking was maintained.
Aqueous volume
Keeping the other parameters constant, the volume of the aqueous phase was varied over the range 20 -400 ml. Iridium and rhodium were recovered quantitatively from 350 ml and 250 ml of aqueous volume, respectively; hence, the preconcentration factors were 60 and 40 for iridium and rhodium, respectively.
Choice of solvent
Since the solid mass should be dissolved in a minimum amount of solvent, it is essential to select a solvent in which it has high solubility. The solid material was insoluble in organic solvents such as toluene, 1,2-dichloroethane, hexane, nitrobenzene, isopentylalcohol, 1-pentylalcohol, ethylacetate, carbon tetrachloride and chloroform, but soluble in dimethylsulfoxide, DMF, methanol, ethanol and acetonitrile. DMF was preferred owing to its high solubilizing nature. The complex was found to be stable for at least 46 h in DMF. A small volume (2 -3 ml) was sufficient to dissolve the entire mass, and the presence of trace amounts of water did not affect the results.
Derivative spectrophotometry
Figures 3, 4 and 5 show the zero-order, first-derivative and second-derivative spectra of rhodium, iridium and rhodium-iridium-5-Br-PADAP-TPB complexes in DMF.
The most common techniques used to prepare analytical calibration curves are a graphical method and a zero-crossing method (ZCM). 10 Graphical methods are often used in spite of some advantages of ZCM. The latter is superior in terms of systematic error. The ZCM involves a measurement of the absolute value of the total derivative spectrum at an abscissa value (λ) corresponding to the zero-crossing point (ZCP) of the derivative spectrum of the interfering component. At this wavelength, the amplitude of the derivative signal of the one of the two components passes through zero. Therefore, a measurement of the value of the derivative amplitude of a mixture, made at the ZCP of the derivative spectrum of one of the two components is a function only of the concentration of the other component. Hence, height h 1 (first-derivative amplitude at the ZCP of Ir at 617 nm) and h 2 (second-derivative amplitude at the ZCP of Rh at 618 nm) are proportional to the rhodium and iridium concentrations, respectively.
Selection of optimum instrumental conditions
The instrumental parameters affecting the shape of the derivative spectra are the scan speed, the value of 577 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 ∆λ (the range over which the derivative is averaged), the slit width and the response time. These parameters are optimized with respect to a reduction of the noise level to obtain a well-resolved peak and a constant position of zero-crossing points. The best results were obtained with ∆λ=10 and 6 nm for the first-and second-derivative spectrum, respectively. A slit width of 2 nm, a response time of 4 s (1 s for first derivative) and a scan speed of 100 nm/min were also found to be suitable for the present study.
Statistical analysis of results
Calibration graphs were obtained by plotting the firstderivative value (h 1 ) for rhodium and the second-derivative value (h 2 ) for iridium versus the respective analyte amounts. The determination ranges were 0.15 -12.5 µg for rhodium and 0.25 -10.0 µg for iridium in the 5 ml of the final DMF solution. The detection limits were 72 ng for rhodium and 133 ng for iridium in the final 5 ml DMF solution when the S/N=3. Seven replicates of 5 µg of rhodium and iridium gave a mean peak amplitude of 0.285 and 0.091 with a relative standard deviation of 1.1% and 1.9%, respectively.
In order to test the mutual independency of the analytical signals of rhodium and iridium, i.e. to show that h 1 and h 2 are independent of iridium and rhodium, respectively, the following experiments were performed. Three calibration graphs were constructed from the first-derivative signals for standards containing between 0.15 and 12.5 µg of rhodium, in both the absence and presence of 2.5 and 7.5 µg of iridium. Similarly, three calibration graphs were constructed from the second-derivative signals for standards containing between 0.25 and 10.0 µg of iridium, in both the absence and presence of 2.5 and 7.5 µg of rhodium.
The slope, intercept and correlation coefficient are summarized in Table 1 . The linearity of the calibration graphs and the adherence of the system to the Beer's law are validated by the high value for the correlation coefficient of the regression equation and by the value of the intercept on the ordinate, which is close to zero.
The validity of the proposed method was determined in several synthetic mixtures containing only rhodium and iridium (Table 2) . Satisfactory results were obtained for the recovery of both metals indicating that 578 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 the proposed method is effective for the simultaneous determination of rhodium and iridium. Using the proposed method, rhodium can be determined in the presence of 5-fold excess of iridium. In turn, iridium can be determined in the presence of a 3-fold excess of rhodium. However, by controlling the pH (3.5) and heating time (20 min), a 6-fold excess of rhodium could be tolerated in the determination of iridium.
Effect of diverse ions
Various salts and metal ions were added individually to a solution containing 5 µg each of rhodium and iridium, and the general procedure was applied. The tolerance level was set as the ion concentration required to cause a ±3% error in the determination. Many common metal ions such as iron, cobalt, nickel, lead, copper, vanadium and zirconium consumed the reagent under the present experimental conditions. EDTA was added after the complex formation (after heating) as a masking reagent; then, the mixture was heated again for another 5 min. It was found that the selectivity of the method was now improved, because many common metal-5-Br-PADAP complexes were decomposed by the addition of EDTA. Concerning the platinum-group metals, ruthenium, palladium and osmium interfered in the determination of iridium. Palladium interference can be eliminated by pre-extraction with 5-Br-PADAP in an acid medium at room temperature. 18 The admissible proportions of various elements are listed in Table  3 .
Rhodium could be determined selectively in the presence of other platinum metals when the pH was raised to 6.5, because these metals do not form complexes with 5-Br-PADAP at this pH. In the determination of 5 µg of rhodium, the following amounts (value in the parenthesis) were tolerated: Ir(III), Pd(II) (50 µg); Ru(III) (100 µg); Os(VIII), Pt(II) (500 µg); Au(IV) (250 µg). Moreover, up to 10 mg of EDTA was tolerated when it was added after the Rh-5-Br-PADAP was formed. Hence, the method is highly selective for rhodium at pH 6.5.
Analysis of rhodium and iridium in synthetic samples
Since no real samples were available for testing the validity of the proposed method, synthetic samples whose composition corresponding to real samples were prepared. Synthetic samples were prepared by taking an appropriate amount of metal salts in water in the presence few ml of aqua regia. Native platinum contains 4% Ir, 3% Rh, 2% Os and 1% Ru (this composition vary depending on the source from which it is taken). Therefore, synthetic mixtures were prepared whose composition corresponding to the Rh-Ir fraction separated from platinum metal concentrates. 19 more samples were prepared in the presence of a large number of common metal ions, so that the developed procedure may be applied to any geological samples. Necessary aliquots of sample solutions (2 -20 ml) were withdrawn from each sample, and the general procedure was followed. The results are summarized in Table 4 . The selective determination of rhodium was also carried out in a sample, as reported in the last result of Table 4 .
In conclusion, a relatively simple, selective and inexpensive derivative spectrophotometric method for the determination of rhodium and iridium has been developed. The proposed method permits the simultaneous determination of rhodium and iridium without the need for tedious and time-consuming separation procedures. Moreover, as discussed elsewhere 20, 21 that the highest sensitivity for a procedure proposed would be obtained when the n-th derivative amplitude of the component 1 is zero at the same wavelength at which the n-th derivative of the component 2 is at a maximum. This is the situation here, and hence gives satisfactory levels of precision and accuracy.
